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In  this  work  we  introduce  a  new  direction  for  the  performance  improvement  of  rechargeable 
lithium/sulfur  batteries  by  employing  an  electrolyte  that  promotes  Li  anode  passivation  in  lithium  poly¬ 
sulfide  solutions.  To  examine  our  concept,  we  assemble  and  characterize  Li/Li2S9  liquid  cells  by  using 
a  porous  carbon  electrode  as  the  current  collector  and  a  0.25  m  Li2S9  solution  as  the  catholyte.  Results 
show  that  Li/LhSg  liquid  cells  are  superior  to  conventional  Li/S  cells  in  specific  capacity  and  capacity 
retention.  We  also  find  that  use  of  LiN03  as  a  co-salt  in  the  Li2Sg  catholyte  significantly  increases  the 
cell’s  Coulombic  efficiency.  More  importantly,  the  cells  with  LiN03  have  a  ~2.5  V  voltage  plateau  before 
the  end  of  charging  and  demonstrate  a  steep  voltage  rise  at  the  end  of  charging.  The  former  is  indicative 
of  the  formation  of  elemental  sulfur  from  soluble  lithium  polysulfides  on  the  carbon  electrode,  and  the 
latter  provides  a  distinct  signal  for  full  charging.  Electrochemical  analyses  on  Li  plating  and  stripping  in 
Li2Sg  catholyte  solutions  indicate  that  LiN03  participates  in  the  formation  of  a  highly  protective  passi¬ 
vation  film  on  the  Li  metal  surface,  which  effectively  prevents  the  Li  anode  from  chemical  reaction  with 
polysulfide  anions  in  the  electrolyte  and  meanwhile  prevents  polysulfide  anions  from  electrochemical 
reduction  on  the  Li  surface. 

Published  by  Elsevier  B.V. 


1.  Introduction 

Lithium/sulfur  (Li/S)  batteries  have  attracted  increasing  inter¬ 
est  in  developing  high  density  energy  storage  devices  due  to  their 
high  theoretical  capacity.  Based  on  the  complete  reduction  of  ele¬ 
mental  sulfur  to  lithium  sulfide  (Li2S),  Li/S  batteries  can  deliver  a 
specific  capacity  as  high  as  1675  mAhg-1  sulfur.  However,  the  spe¬ 
cific  capacity  of  a  practical  cell  is  lower  than  the  theoretical  value 
and  the  cell  suffers  low  charging  efficiency,  high  self-discharge  and 
short  cycle  life  [1,2].  All  these  problems  are  known  to  be  related  to 
the  high  solubility  of  lithium  poly  sulfides,  the  series  of  sulfur  reduc¬ 
tion  intermediates,  in  organic  electrolyte  solutions.  Dissolution  of 
lithium  polysulfides  not  only  results  in  the  loss  of  sulfur  active 
materials  from  the  cathode,  but  also  causes  serious  “redox  shut¬ 
tle”  reactions  between  polysulfide  anions  in  the  electrolyte  and  the 
Li  metal  anode.  Recently,  a  number  of  publications  have  reported 
a  reduction  in  the  dissolution  of  lithium  polysulfides  by  mak¬ 
ing  sulfur-carbon  composite  materials  [3-14].  Based  on  physical 
adsorption,  these  composites  in  different  contexts  reduce  the  dis¬ 
solution  of  lithium  polysulfides  from  the  cathode.  However,  these 
approaches  are  fundamentally  ineffective  since  polysulfide  anions 
carry  negative  charges,  in  discharging  the  electric  field  between  two 
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electrodes  will  drive  polysulfide  anions  migrating  toward  Li  anode. 
Furthermore,  the  incorporation  of  electrochemically  inert  carbons 
reduces  the  gravimetric  energy  density  of  Li/S  batteries.  In  addition, 
we  have  noticed  that  most  of  decent  capacities  reported  previously 
were  obtained  through  two  lows,  that  is,  low  sulfur  content  in  com¬ 
position  and  low  sulfur  loading  in  cathode.  In  many  cases,  the  total 
sulfur  content  in  the  cathode  is  not  more  than  65%  by  weight  and 
the  sulfur  loading  is  not  higher  than  2  mg  sulfur  per  cm2  of  cathode 
[4-7,14-18]. 

Since  dissolution  of  lithium  polysulfides  (Li2S*,x>2)  in  organic 
electrolytes  is  inevitable,  in  this  work  we  propose  a  different 
approach  for  the  performance  improvement  of  rechargeable  Li/S 
batteries  by  employing  a  liquid  electrolyte  that  is  able  to  promote 
the  formation  of  a  highly  protective  passivation  film  on  lithium 
surface  in  lithium  polysuifide  solutions.  We  expect  that  the  result¬ 
ing  passivation  film  not  only  protects  lithium  metal  from  chemical 
reaction  with  the  polysulfide  anions  but  also  prevents  polysulfide 
anions  from  electrochemical  reduction  on  the  Li  anode.  Our  effort 
will  be  focused  on  increasing  Li  cycling  efficiency  in  highly  con¬ 
centrated  lithium  polysulfide  solutions.  To  examine  our  idea,  we 
selected  Li/Li2S9  liquid  cell  [19,20],  instead  of  the  conventional 
Li/S  cell,  as  the  testing  vehicle  by  employing  a  porous  carbon  elec¬ 
trode  as  the  cathode  current  collector  and  a  Li2S9  solution  as  the 
catholyte.  Due  to  the  known  ability  of  LiN03  in  facilitating  the  for¬ 
mation  of  a  better  passivation  film  on  Li  metal  surface  [21,22],  in 
this  work  we  study  the  effect  of  LiN03  on  cycling  performance 
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of  Li/Li2S9  liquid  cells  and  on  cycling  efficiency  of  Li  metal  in 
Li2S9  catholyte  solutions  by  adding  LiN03  as  a  co-salt  of  the  U2S9 
catholyte. 

2.  Experimental 

Elemental  sulfur  (S8,  99.5%),  lithium  sulfide  (Li2S,  99%),  and 
lithium  nitrate  (LiN03,  99.99%)  were  purchased  from  Aldrich 
and  used  as  received.  Lithium  bis(trifluoromethane  sulfone)imide 
(LiN(S02CF3)2,  LiTFSI,  3M  Company)  was  dried  at  110°C  under 
vacuum  for  10  h  and  triethylene  glycol  dimethyl  ether  (TG3,  99%, 
Aldrich)  was  dried  over  4  A  molecular  sieves  for  a  week.  For  con¬ 
ventional  Li/S  cells,  a  liquid  electrolyte  was  prepared  by  dissolving 
0.2  m  (molality)  LiTFSI  in  TG3  in  Ar-filled  glove-box  and  a  sulfur 
cathode  with  a  composition  of  77%  S,  20%  Super-P  carbon  and 
3%  binder  by  weight  was  coated  onto  a  carbon-coated  aluminum 
foil  by  using  poly(acrylonitrile-methyl  methacrylate)  (ANMMA, 
AN/MMA  =  94:6,  MW  =100  000,  Polysciences  Inc.)  as  binder  and  N- 
methyl  pyrrolidinone  (NMP)  as  solvent.  Resulting  cathode,  dried  at 
80  °C  under  vacuum  for  2  h,  had  an  average  loading  of  2.4  mg  sul¬ 
fur  per  cm2.  For  Li/Li2S9  liquid  cells,  a  carbon  electrode  having  a 
composition  of  90%  Super-P  carbon  and  10%  binder  by  weight  was 
prepared  using  the  same  materials  and  procedure  as  was  used  in 
preparation  of  the  sulfur  cathode  and  dried  at  1 1 0  °C  under  vacuum 
for  lOh.  The  carbon  electrode  was  measured  to  have  an  average 
loading  of  0.78  mg  carbon  per  cm2. 

Following  Rauh  et  al’s  procedure  [19,23],  lithium  polysul¬ 
fide  (Li2Sx,  x  =  9)  solution  was  prepared  by  adding  stoichiometric 
amounts  of  elemental  sulfur  (S8)  and  Li2S  into  the  electrolyte  solu¬ 
tion,  followed  by  heating  at  80  °C  with  magnetic  stirring  for  6  h.  In 
this  work,  we  prepared  two  catholyte  solutions  with  composition 
below: 

Catholyte-A:  0.25  m  Li2S9-0.2  m  LiTFSI  in  TG3 

Catholyte-B:  0.25  m  Li2S9-0.1  m  LiTFSI-0.2  m  LiN03  in  TG3 

Both  solutions  were  red-dark  color  and  had  moderate  viscosity. 
Li/S  coin  cells  with  an  electrode  area  of  1.27  cm2  were  assembled 
using  sulfur  cathode  and  filled  with  10  fxL  electrolyte.  Li/Li2S9  liq¬ 
uid  cells  were  assembled  by  using  a  1.27  cm2  carbon  electrode 
as  the  cathode  current  collector  (also  serving  as  catalyst  for  the 
reduction  of  elemental  sulfur  and  lithium  polysulfides)  and  10  pX 
catholyte  solution  as  the  electrolyte  and  cathode.  It  should  be  noted 
that  the  assembly  of  Li/Li2S9  liquid  cells  should  be  conducted  in  an 
oxygen-free  environment  so  as  to  avoid  the  oxidization  of  polysul¬ 
fide  anions  by  oxygen.  For  easy  comparison  with  conventional  Li/S 
cells,  the  specific  capacity  of  Li/Li2S9  liquid  cells  was  normalized  as 
“mAhg-1  sulfur”.  Thus,  the  theoretical  capacity  of  Li2S9  was  calcu¬ 
lated  to  be  1489  mAh g-1  sulfur  (i.e.,  1675  x  8/9  =  1489),  and  each 
Li/Li2S9  liquid  cell  contained  ~1.65mg  sulfur  as  calculated  based 
on  the  amount  of  Li2S9  in  the  catholyte. 

Both  Li/S  and  Li/Li2S9  cells  were  cycled  at  0.2  mA  cm-2  on  a  Mac- 
cor  Series  4000  cycler  with  a  1.5  V  discharge  cutoff  voltage.  The 
charging  process  was  terminated  either  by  a  3.0  V  cutoff  voltage 
or  by  a  capacity  equaling  to  150%  of  the  last  discharge  capacity, 
whichever  came  first.  To  measure  Li  plating  and  stripping  effi¬ 
ciency,  a  Li/Ni  cell  with  a  1.27  cm2  electrode  area  was  assembled 
and  cycled  by  discharging  (Li  plating)  at  0.2  mA cm-2  for  1  h  and 
then  charging  (Li  stripping)  until  the  cell’s  voltage  reached  1.0  V. 
Coulombic  efficiency  of  Li  cycling  was  defined  as  the  percentage  of 
charging  time  over  discharging  time.  In  addition,  three-electrode 
coin  cells  were  assembled  for  electrochemical  measurements  by 
using  a  0.97  cm-2  Ni  foil  as  working  electrode,  two  Li  foils  as  the 
counter  electrode  and  reference  electrode,  respectively.  Detailed 
descriptions  about  cell  structure  and  assembly  procedure  are 


referred  to  our  previous  works  [24,25].  The  impedance  and  cyclic 
voltammetry  measurements  were  run  on  a  Solartron  SI  1287 
Electrochemical  Interface  and  a  SI  1260  Impedance/Gain-Phase 
Analyzer.  Impedance  was  measured  at  open-circuit  potential  (OCP) 
in  the  frequency  range  from  0.01  to  100  kHz  with  an  ac  oscillation 
of  10  mV  amplitude.  Before  each  test,  the  cell  rested  for  1  h  after  Li 
plating  or  Li  stripping  to  get  the  same  conditions. 

3.  Results  and  discussion 

3.1.  Li/S  cell  vs.  Li/Li2S9  liquid  cell 

Fig.  1  shows  voltage  profiles  of  the  first  and  fifth  cycles  of  a  con¬ 
ventional  Li/S  cell  and  a  Li/Li2S9  liquid  cell,  respectively.  For  the 
conventional  Li/S  cell  (Fig.  la),  the  initial  discharging  consists  of 
three  voltage  regions:  ( 1 )  a  short  plateau  at  2.3  V  as  indicated  by  the 
arrow,  (2)  a  linear  sloping  decline,  and  (3)  a  long  plateau  at  ~2.0  V 
until  the  end  of  discharge.  Combining  the  conclusions  of  previous 
publications  [  1 6,26-29],  we  ascribe  these  three  discharging  voltage 
regions  to  the  following  three  reactions: 

S8(insoluble)  4-  2Li  -*  Li2S8(soluble)  (1) 

Li2S8(soluble)  +  6Li  4Li2S2(insoluble)  (2) 

Li2S2(insoluble)  +  2Li  -*  2Li2S(insoluble)  (3) 

In  the  following  charge  step,  the  cell  voltage  responds  to  the 
reversible  processes  of  Eqs.  (2)  and  (3)  until  2.5  V,  at  which  the 
voltage  stays  constantly,  indicating  that  Eq.  (1)  is  irreversible.  In 
the  fifth  cycle,  the  voltage  plateau  observed  at  2.3  V  in  the  first 
cycle  no  longer  appears,  and  the  charge  voltage  does  not  exceed 
2.5  V.  For  the  Li/Li2S9  liquid  cell  (Fig.  lb),  the  first  discharge  does 
not  show  voltage  plateau  near  2.3  V  since  no  elemental  sulfur  exists 
in  the  system.  However,  in  the  following  charge,  the  cell  voltage 
reaches  3.0  V,  achieving  a  cycling  efficiency  of  91%.  Discharging 
and  charging  voltage  profiles  of  the  fifth  cycle  are  very  similar  as 
those  observed  in  the  conventional  Li/S  cell.  We  tested  many  other 
Li/Li2S9  cells  and  the  similar  results  were  repeatedly  observed.  It 
should  be  mentioned  that  except  for  the  initial  few  cycles,  both  the 
Li/S  and  Li/Li2S9  cells  cannot  be  charged  to  higher  than  2.5  V,  i.e., 
the  reversal  process  of  Eq.  (1 )  does  not  occur.  The  reason  is  because 
soluble  lithium  polysulfides  (Li2Sx,  x>2),  especially  those  having 
long  S-S  chain,  dissolve  and  diffuse  to  the  surface  of  the  Li  anode, 
where  polysulfide  anions  not  only  are  electrochemically  reduced  as 
described  by  Eq.  (4)  but  also  are  chemically  reacted  with  Li  metal 
as  described  by  Eq.  (5). 

(x-y)Li2Sx  +  2yLi+  +  2ye“  xLi2Sx_y  (4) 

(x-y)Li2Sx  +  2yLi  ^xLi2S*_y  (5) 

Thus,  the  soluble  polysulfide  anions  act  as  a  redox  shuttle 
between  the  cathode  and  Li  anode,  resulting  in  low  charging  effi¬ 
ciency. 

Fig.  2  compares  capacity  retention  of  the  conventional  Li/S  cell 
and  Li/Li2S9  liquid  cell.  It  is  shown  that  these  two  cells  have  the 
similar  initial  capacities  (about  610  mAh  g-1  S)  in  spite  of  the  fact 
that  Li2S9  has  a  relatively  lower  theoretical  capacity  than  elemen¬ 
tal  sulfur.  However,  the  Li/Li2S9  cell  exhibits  more  stable  capacity 
retention.  By  the  end  of  testing  (50  cycles),  the  Li/Li2S9  cell  remains 
452  mAh  g-1  capacity  (equaling  to  72%  of  the  initial  capacity),  while 
the  Li/S  cell  retains  only  196  mAh  g-1  S  (32%  of  its  initial  capacity). 
These  results  reveal  that  Li/Li2S9  liquid  cells  are  superior  to  the 
conventional  Li/S  cells  in  capacity  retention. 
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Fig.  1.  Discharging  voltage  profiles  of  the  first  and  fifth  cycles  of  (a)  a  conventional  Li/S  cell  and  (b)  a  Li/Li2Sg  liquid  cell. 


Fig.  2.  Comparison  of  the  capacity  retention  of  a  conventional  Li/S  cell  and  a  Li/Li2Sg 
liquid  cell. 


3.2.  Effect  of  HNO3  on  cycling  performance 

Reactions  (4)  and  (5)  are  believed  to  be  the  main  cause  for 
the  low  charging  efficiency  and  high  self-discharge  rate  of  Li/S 
batteries.  Furthermore,  their  reaction  products  will  permanently 
deposit  on  the  surface  of  the  Li  anode  if  insoluble  Li2S*  (x<2)  is 
formed.  When  this  happens,  the  performance  of  Li/S  cells  will  be 
dramatically  affected.  For  this  reason,  in  this  work  we  focused  our 
effort  on  suppressing  Reactions  (4)  and  (5)  by  adding  LiN03  as  a  co¬ 
salt  in  the  Li2S9  catholyte.  Fig.  3  compares  discharging  and  charging 
voltage  profiles  of  two  Li/Li2S9  cells  with  and  without  LiN03  as  co¬ 
salt.  As  indicated  in  Fig.  3a,  the  most  significant  difference  between 
these  two  cells  is  that  Cell-2  with  LiN03 -containing  Catholyte-B  can 
repeatedly  be  charged  to  3  V  while  Cell-1  with  Catholyte-A  free  of 
LiN03  can  be  charged  above  2.5  V  only  in  the  first  cycle.  Another  dif¬ 
ference  is  that  Cell-2  exhibits  a  pair  of  additional  voltage  plateaus 


Capacity  /  mAh  g_1  S 

Fig.  4.  Voltage  profiles  of  the  first  and  fifth  cycles  of  a  Li/Li2Sg  liquid  cell  with 
Catholyte-B. 


at  ~2.3V  in  discharge  and  charge  processes,  as  indicated  by  two 
arrows  in  Fig.  3b.  This  pair  of  voltage  plateaus  can  be  attributed  to 
the  reversible  reaction  of  Eq.  (1). 

To  further  verify  this,  we  plot  discharge  and  charge  curves  for 
the  first  and  fifth  cycles  of  Cell-2  in  Fig.  4.  It  can  be  seen  that  the  first 
discharge  does  not  show  voltage  plateau  near  2.3  V  although  Li2S9 
has  a  longer  S-S  chain  than  elemental  sulfur  (S9  vs.  S8),  instead,  the 
fifth  discharge  shows  a  distinct  plateau  at  2.3  V.  In  charging,  both 
the  first  and  fifth  cycles  distinctly  show  a  2.3  V  plateau,  followed 
by  a  steep  voltage  rise  to  the  cutoff  voltage  (3.0  V).  These  results 
indicate  that  the  2.3  V  plateau  is  not  related  to  the  length  of  poly¬ 
sulfide  anions  (i.e.,  the  x  value  in  Li2Sx),  instead  to  the  two-phase 
Reaction-1  occurring  between  Li2Sx  in  solution  and  elemental  sul¬ 
fur  in  cathode. 


Fig.  3.  Voltage  profiles  of  the  discharging  and  charging  cycles  of  two  Li/Li2Sg  liquid  cells  with  Catholyte-A  and  Catholyte-B,  respectively:  (a)  overall  view  of  the  voltage 
profiles  and  (b)  cell  voltages  of  a  typical  cycle. 
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Fig.  5.  Effect  of  UNO3  co-salt  on  cycling  performance  of  Li/Li2Sg  liquid  cells:  (a)  capacity  retention  and  (b)  Coulombic  efficiency  of  cycling. 


The  effect  of  LiN03  on  cycling  efficiency  and  capacity  reten¬ 
tion  is  presented  in  Fig.  5a  and  b,  respectively,  where  Cell-1  uses 
Catholyte-A  free  of  LiN03  and  Cell-2  employs  Catholyte-B  contain¬ 
ing  0.2  m  LiN03 .  As  compared  with  Cell-1 ,  Cell-2  not  only  has  higher 
capacity  (Fig.  5a),  but  also  has  significantly  higher  Coulombic  effi¬ 
ciencies  (Fig.  5b).  The  latter  would  be  the  most  important  benefit 
added  by  the  use  of  LiN03  co-salt.  For  Cell-1,  except  for  the  first 
cycle  the  charging  voltages  can  never  reach  the  cutoff  voltage  (3.0  V, 
see  Fig.  3),  all  charging  processes  are  ended  by  the  pre-set  charging 
time.  Since  we  setup  150%  of  the  last  discharge  capacity  as  one  of 
the  charge  limits,  Coulombic  efficiencies  for  all  cycles  are  66.7%  (i.e., 
the  reciprocal  of  1 50%).  For  Cell-2,  charge  voltages  repeatedly  reach 
the  pre-set  cutoff  voltage  and  the  charge  processes  are  terminated 
by  the  cutoff  voltage,  resulting  in  higher  Coulombic  efficiencies. 

3.3.  Understanding  the  role  ofLiN03  in  Li/S  cell 

Assuming  that  Reactions  (4)  and  (5)  are  the  main  reason  for  low 
Coulombic  efficiency  of  Li/S  cells  and  that  both  reactions  occur  on 
the  Li  anode  surface,  we  believe  that  the  important  role  of  LiN03  in 
Li/S  cells  can  be  understood  from  the  viewpoint  of  the  Li  anode. 
Therefore,  we  place  our  attention  on  the  plating  and  stripping 
behavior  of  Li  metal  in  highly  concentrated  Li2S*  (x>2)  solutions. 
Fig.  6  exhibits  the  potential  curves  of  the  first  plating  and  stripping 
of  Li  metal  on  a  fresh  Ni  surface  in  Catholyte-A  and  Catholyte-B, 
respectively.  In  Catholyte-A,  the  potential  of  Ni  working  electrode 
shows  multiple  plateaus  between  OCP  and  1 .3  V,  followed  by  a  slow 
and  smooth  decline.  Even  at  the  end  of  the  plating  test,  the  potential 
of  Ni  still  remains  at  +0.15  V  vs.  Li/Li+.  This  is  because  the  Li  metal 
plated  on  the  Ni  surface  is  not  dense,  measured  is  a  mixed  poten- 
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Fig.  6.  Potential  profiles  of  the  first  Li  plating  and  stripping  on  a  fresh  Ni  surface, 
which  were  recorded  at  0.2  mAcrn-2  for  3  h  on  a  3-electrode  cell:  (1)  Catholyte-A 
and  (2)  Catholyte-B. 


tial  of  the  Li  metal  and  poly  sulfide  solution.  Subsequent  Li  stripping 
test  gives  a  26%  Li  cycling  efficiency.  In  Catholyte-B,  the  potential 
remains  a  plateau  for  82  min,  and  then  steeply  drops  to  a  constant 
negative  value  (-50  mV  vs.  Li/Li+),  at  which  Li  plates  progressively, 
giving  a  50%  cycling  efficiency  as  shown  by  the  subsequent  Li  strip¬ 
ping  test.  It  is  clearly  shown  that  in  both  catholyte  solutions,  Li 
metal  cannot  be  plated  until  a  protective  passivation  film  is  formed 
on  the  Ni  surface,  and  that  such  a  film  must  be  formed  by  the  irre¬ 
versible  electrochemical  reduction  of  polysulfides,  as  expressed  by 
Eq.  (4). 

Coulombic  efficiencies  of  Li  plating  and  stripping  in  Catholyte-A 
and  Catholyte-B  are  compared  in  Fig.  7.  Obviously,  the  efficien¬ 
cies  in  Catholyte-B  are  significantly  higher  than  those  obtained 
in  Catholyte-A,  verifying  that  LiN03  promotes  the  formation  of  a 
more  protective  (normally  denser)  passivation  film.  It  is  interesting 
to  note  that  in  both  Cathode-A  and  Cathode-B,  Li  cycling  efficien¬ 
cies  are  increased  slowly  with  cycle  number,  probably  because  the 
passivation  film  becomes  denser  and  denser,  resulting  in  better 
protection  of  Li  metal  from  Reactions  (4)  and  (5). 

On  the  other  hand,  the  essential  role  of  LiN03  in  the  formation  of 
a  passivation  film  on  the  Li  surface  can  be  examined  by  impedance 
analyses.  Fig.  8  shows  the  impedance  spectrums  of  the  Ni  surface 
after  Li  plating  and  after  subsequent  Li  stripping.  For  the  Li-plated 
Ni  surfaces  indicated  by  Curves  1  and  2  in  Fig.  8,  the  impedance 
spectrum  is  composed  of  two  flatted  semicircles.  In  general,  the 
semicircle  in  higher  frequency  range  corresponds  to  a  passiva¬ 
tion  film  and  the  one  in  lower  frequency  range  corresponds  to 
the  charge-transfer  process  occurring  on  the  electrolyte-electrode 
interface  [30,31  ].  For  Li  metal  electrode,  the  charge-transfer  usually 
reflects  the  following  reversible  electrochemical  process: 

Li  -  e“  4^  Li+  (6) 
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Fig.  7.  Coulombic  efficiency  of  Li  plating  and  stripping  on  Ni  surface  in  Catholyte-A 
and  Catholyte-B,  respectively. 
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Fig.  8.  Impedance  spectroscopes  of  a  Ni  electrode  in  Catholyte-A  and  Catholyte- 
B,  respectively,  which  were  recorded  at  open-circuit  potential  on  a  3-electrode 
cell:  (1)  after  Li  plating  at  0.2  mA cm-2  for  3h  in  Catholyte-A,  (2)  after  Li  plating 
at  0.2  mAcirr2  for  3  h  in  Catholyte-B,  (3)  after  Li  stripping  at  0.2  mAcirr2  to  1.0  V 
following  (1),  and  (4)  after  Li  stripping  at  0.2  mAcirr2  to  1.0  V  following  (2). 

Comparison  of  Curves  1  and  2  shows  that  the  Li  metal  plated 
in  Catholyte-B  (Curve-2)  has  a  higher  passivation  resistance  and 
a  much  lower  charge-transfer  resistance.  The  higher  passiva¬ 
tion  resistance  is  a  good  indication  that  the  passivation  film 
formed  in  the  presence  of  LiN03  co-salt  is  denser  and  hence  more 
protective.  After  subsequent  Li  stripping,  the  charge-transfer  pro¬ 
cess  as  expressed  by  Eq.  (6)  no  longer  takes  place  due  to  the  absence 
of  Li  metal,  and  therefore  the  semicircle  in  the  lower  frequency 
range  disappears  as  indicated  by  Curves  3  and  4,  respectively.  By 
comparing  Curve- 1  with  Curve-3  and  Curve-2  with  Curve-4,  one 
sees  that  the  passivation  film  still  remains  even  after  Li  stripping, 
indicating  that  the  passivation  film  is  permanently  present  on  the 
electrode  surface  once  it  has  formed. 

The  benefit  of  LiN03  also  can  be  observed  from  cyclic  voltam- 
metric  results  as  shown  in  Fig.  9.  First,  the  cyclic  voltammogram 
(CV)  in  Catholyte-B  has  much  higher  peak  currents.  This  result  coin¬ 
cides  with  the  impedance  results  (i.e.,  much  lower  charge-transfer 
resistance  in  Catholyte-B).  Second,  the  CV  in  Catholyte-B  gives 
much  higher  Li  cycling  efficiency  (i.e.,  65%  vs.  29%  in  Catholyte- 
A,  calculated  from  the  cyclic  voltammograms).  This  result  agrees 
with  those  obtained  from  galvanostatic  plating  and  stripping  tests 


Fig.  9.  Cyclic  voltammograms  of  Ni  electrode  in  Catholyte-A  and  Catholyte-B,  which 
were  recorded  by  scanning  potential  at  2  mV  s-1  between  0.1  V  and  0.5  V  vs.  Li/Li+. 


as  shown  in  Fig.  7.  Third,  Li  platting  in  Catholyte-B  has  no  polariza¬ 
tion  while  that  in  Catholyte-A  shows  polarization,  as  indicated  by 
the  arrow  in  Fig.  9. 

Based  on  the  discussion  above,  the  charging  voltage  profiles 
of  Cell-2  in  Figs.  3a,  b  and  4  can  be  explained  as  follows:  as  Eq. 
(5)  shows,  Li  metal  and  Li2Sx  chemically  react  with  each  other. 
While  protecting  Li  metal,  the  passivation  film  meanwhile  pro¬ 
tects  Li2Sx  from  attack  by  the  highly  reductive  Li  metal.  Moreover, 
the  passivation  film  serves  as  a  solid  electrolyte  interphase  (SEI)  to 
prevent  soluble  Li2Sx  (x>2),  especially  those  species  having  long 
S-S  chain  near  the  full  charge  state,  from  being  electrochemically 
reduced,  as  expressed  by  Eq.  (4).  Instead,  the  soluble  Li2Sx  species 
are  electrochemically  oxidized  to  elemental  sulfur  on  the  cathode, 
resulting  in  an  additional  voltage  plateau  at  2.3  V,  higher  charg¬ 
ing  efficiency,  and  accordingly  a  steep  voltage  rise  upon  the  full 
charge. 

4.  Conclusions 

This  work  demonstrates  an  alternative  approach  for  the  per¬ 
formance  improvement  of  rechargeable  Li/S  batteries.  While 
dissolution  of  lithium  polysulfides  (Li2Sx,  x>2)  in  organic  elec¬ 
trolytes  is  inevitable,  research  efforts  focusing  on  the  protection 
of  the  lithium  anode  to  increase  Li  cycling  efficiency  in  highly 
concentrated  polysulfide  solutions  may  be  more  feasible.  LiN03  is 
excellent  in  promoting  the  formation  of  a  denser  and  more  pro¬ 
tective  passivation  film  on  the  Li  surface.  The  film  formed  not  only 
increases  Li  cycling  efficiency,  but  also  protects  soluble  polysul¬ 
fide  anions  from  chemical  and  electrochemical  reductions  on  the 
Li  anode.  Use  of  LiN03  as  a  co-salt  makes  the  two-phase  reaction 
of  “S8  (insoluble)  +  2Li  ->  Li2S8  (soluble)”  reversible,  resulting  in  a 
2.3  V  plateau,  higher  specific  capacity  and  higher  charging  effi¬ 
ciency.  Moreover,  Li/S  cells  with  LiN03  co-salt  can  be  repeatedly 
charged  to  cutoff  voltage  (>2.5  V)  and  indicate  a  steep  voltage  rise 
as  the  signal  of  full  charge.  On  the  contrary,  the  conventional  Li/S 
cells  can  only  be  charged  to  2.5  V  at  which  the  voltage  stays  con¬ 
stant  until  the  charging  process  is  manually  terminated,  resulting  in 
low  specific  capacity  and  low  charging  efficiency,  due  to  the  chem¬ 
ical  and  electrochemical  reductions  of  polysulfide  anions  on  the  Li 
anode. 
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